Malignant transformation results in the down-regulation of the high-molecular-weight isoforms of the actin-binding protein tropomyosin (TM-1, -2, and -3) (23, 39) . This loss in TM expression is not an artifact due to prolonged cell culture or deliberate transformation, given that TM levels are also reduced in freshly isolated human tumor tissues (1, 2, 7, 13, 14) . Several lines of evidence indicate that the suppression of TM is essential for transformation. In particular, down-regulation of TM-1 by the expression of a TM-1 antisense construct is sufficient to induce anchorage independence in immortal cells (8) . Moreover, the reintroduction of TM-1 or TM-2 into ras-or src-transformed cells reduces or eliminates anchorage-independent growth and tumorigenicity (15, 22, 44, 45, 60) . Consequently, the TM isoforms TM-1 and -2 can be classified as class II tumor suppressors (27) .
Despite the apparent importance of TM down-modulation in tumorigenesis, the precise mechanisms and proteins involved in regulating TM expression have not been fully elucidated. For example, although TM mRNA levels are reduced in tumor cells (11, 19) , it is not known whether this reduction is due to decreased transcriptional activity or mRNA instability. In addition, studies have suggested a role for the Ras-Raf-MEK-mitogen-activated protein kinase (MAPK) cascade in this process; however, the exact contribution of the individual pathway components is not clear. Activated alleles of both Ras and Raf can induce the down-regulation of high-molecularweight TM proteins in NIH 3T3 cells, and the Raf-1 kinase is required for TM suppression in ras-transformed fibroblasts (23) . Surprisingly, however, pharmocological inhibition of MEK, the well-characterized effector of Raf-1, is insufficient to restore TM expression in either ras-or raf-transformed fibroblasts (23) . Likewise, MEK inhibition does not restore the expression of human TM-1 in transformed MDA-MB-231 breast cancer cells (51) . While these findings would suggest that MEK activity is not required for TM down-modulation, a role for MEK has been inferred from studies examining other transformed cell types. In c-jun-transformed FR3T3 cells, TM levels are down-regulated through an autocrine pathway that is disrupted by MEK inhibitor treatment (31) . MEK inhibition has also been shown to induce the re-expression of one or more TM isoforms in ras-transformed RIE and NRK cells (40, 53) . Adding further confusion regarding the involvement of MEK in TM regulation is the finding that in ras-transformed NIH 3T3 fibroblasts, treatment with low concentrations of radicicol, the HSP90-binding antibiotic, is able to fully restore TM-2 expression without inhibiting MEK/ERK signaling (25) . In addition, although pharmocological inhibition of MEK does not upregulate TM levels in ras-transformed fibroblasts, overexpression of a dominant-negative form of MEK1 does restore TM expression (23) . Given that the dominant-negative MEK protein is not as efficient an inhibitor of ERK phosphorylation as the pharmocological MEK inhibitors, the effect of the dominant-negative mutant cannot be attributed simply to a block in ERK activity (23) . Thus, while MEK may play a role in TM regulation, its contribution to this process may be more complex than originally anticipated.
In addition to Ras, Raf, MEK, and MAPK, another component of this important signaling cascade is the protein Kinase Suppressor of Ras (KSR). KSR1 was initially discovered to be a regulator of Ras-mediated signaling by genetic screens performed in Drosophila melanogaster and Caenorhabditis elegans (59, 61) . More recently, KSR1 has been shown to function as a scaffolding protein that enables Raf activation and facilitates signal transmission from Raf-1 to MEK and ERK (4, 35, 37, 38, 48, 55) . As would be expected for a scaffolding protein, the effect of KSR1 on Ras-mediated signaling varies significantly with the level of KSR1 protein expressed. At low levels of expression, KSR1 enhances Ras signaling, while at high levels of expression, KSR1 suppresses many Ras-mediated events, including focus formation in mammalian fibroblasts, germinal vesicle breakdown in Xenopus oocytes, and R7 photoreceptor formation in the Drosophila eye (10, 12, 21, 24) . This biphasic response is consistent with the theoretical model for a scaffolding protein, which predicts that the scaffold must be in stoichiometric equilibrium with its binding partners (30) . When all components of the signaling complex are expressed at equivalent levels, a scaffold will enhance the efficiency and specificity of signaling. However, high overexpression of the scaffold will lead to a separation of the individual components, thus preventing their interaction and signal transmission.
Among the proteins with which KSR1 has been shown to interact are Raf-1, MEK, and MAPK, as well as 14-3-3 proteins, G protein-␤␥, heat shock protein 70 (Hsp70), Hsp90, cdc37, and C-TAK1 (6, 10, 37, 56, 63) . In particular, the interaction between KSR1 and MEK appears to be crucial for KSR1 function. MEK constitutively associates with the C-terminal region of KSR1, and all genetically identified loss-offunction mutations mapping to the KSR1 C-terminal domain have been found to disrupt MEK binding (36, 48, 56) . At least one important consequence of the KSR-MEK interaction is the ability of KSR1 to transport MEK from the cytoplasm to the plasma membrane, thus localizing MEK with its upstream activator Raf-1 and downstream effector ERK (37) . The translocation of the KSR1 complex to the cell surface occurs in response to signaling events and is mediated by the KSR1 cysteine-rich C1 domain (66) . Interestingly, KSR1 has also been shown to shuttle through the nucleus in a manner that is dependent on its interaction with MEK (9) . Whether KSR1 performs any function in the nucleus and whether this is another critical aspect of the KSR-MEK interaction are currently unknown. Moreover, the effects of KSR1 on gene expression and other cellular properties have not been previously addressed.
In this report, we have utilized the MAPK scaffold KSR1 to gain further insight into the mechanisms regulating TM expression in ras-transformed cells. Here, we find that overexpression of KSR1 reverts the ras-transformed phenotype and restores TM expression. All the effects of KSR1 are dependent on the binding of MEK to KSR1 and require the activity of the ROCK kinase.
MATERIALS AND METHODS
Reagents. TM311, a monoclonal antibody that recognizes a common epitope in the first exon of TM-1, TM-2, TM-3, and TM-6 (41, 54) and anti-myosin light chain (MLC) antibody (clone MY-21) were purchased from Sigma (St. Louis, Mo.). Anti-phospho-Erk and anti-phospho-MEK antibodies and the MEK inhibitor PD98059 were obtained from Cell Signaling Technology (Beverly, Mass.). Anti-Erk-1 antibody (clone K-23) was purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.), anti-phospho-MLC antibody (pp2b) was a generous gift from F. Matsumura (Rutgers University, New Brunswick, N.J.) (34) , and Y27632 was obtained from either Biomol (Plymouth Meeting, Pa.) or Calbiochem (La Jolla, Calif.).
Cell culture. NIH 3T3 and v-Ki-ras-transformed NIH 3T3 cells (Larry Feig, Tufts University, Boston, Mass.) were cultured at 37°C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Herndon, Va.) supplemented with 10% donor calf serum (DCS; BioWhittaker, Walkersville, Md.) and 1 g of gentamicin per ml (InVitrogen, Carlsbad, Calif.).
Generation of recombinant adenoviruses. The generation of adenoviruses expressing the various KSR1 constructs has been described previously (36) . All KSR1 clones were constructed to contain two copies of a polyomavirus-derived epitope tag (Pyo; amino acids MEYMPME) at the amino terminus. DNA sequences were inserted into the pAdTrack-CMV (cytomegalovirus) vector coexpressing the green fluorescent protein (GFP) for the generation of recombinant adenoviruses according to the procedures of He et al. (17) . Viruses were purified over CsCl 2 gradients and dialyzed against a phosphate-buffered saline (PBS)-glycerol solution. Viral titers were determined by serial dilution, and ras-transformed cells were infected with the minimal virus titer required to achieve ϳ100% infectivity as determined by GFP expression.
Infection of cells. Cells were seeded in 24-well plates at a density of 5 ϫ 10 4 cells per well in DMEM with 10% DCS. The following day, the medium was aspirated, and cells were incubated with 200 l of Optimem (InVitrogen) containing 0.4 l of Lipofectamine (InVitrogen) and 0.2 to 0.5 l of adenovirus. After 4 h of incubation, the infection medium was removed, and 1 ml of DMEM with 10% DCS was added. For experiments performed in six-well plates, all parameters were multiplied by 5. Cells were photographed with a Nikon Coolpix 990 digital camera mounted on a Nikon Eclipse TS100 inverted microscope with an epifluorescence attachment.
Immunofluorescence. Cells were grown in 24-well plates or chamber slides. At the appropriate time after adenoviral infection, cells were fixed for 10 min with a solution of 4% paraformaldehyde in PBS (pH 7.4). The cells were then permeabilized with 0.2% Triton X-100 in PBS for 5 min and subsequently blocked with 0.5% bovine serum albumin in PBS for 1 h. To identify actin stress fibers, samples were incubated with rhodamine-conjugated phalloidin (Sigma).
Cell lysis and Western blotting. For preparation of whole-cell extracts, cells were washed twice in cold PBS and then scraped into sodium dodecyl sulfate (SDS) cell lysis buffer (62.5 mM Tris [pH 6.8], 1% SDS) containing protease and phosphatase inhibitors (10 g of leupeptin per ml, 0.1 U of aprotinin per ml, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM sodium fluoride). The samples were passed three to five times through a 25-gauge needle to reduce viscosity. Protein concentrations were determined by the bicinchoninic acid assay (Pierce, Rockford, Ill.). Equal amounts of protein were separated by electrophoresis on Nupage Bis-Tris-polyacrylamide gels (InVitrogen) and subsequently blotted onto nitrocellulose membranes. Equal loading of the samples was assessed by staining the blots with a 0.1% Ponceau S-5% acetic acid solution (Sigma). The membranes were probed with antibodies directed against the relevant proteins followed by goat anti-mouse or goat anti-rabbit antibodies conjugated to horseradish peroxidase (Pierce). Proteins were visualized by chemiluminescence with SuperSignal as substrate (Pierce). Blots were exposed to Kodak X-Omat autoradiography film.
Reporter constructs. The partial sequence of the rat TM-␣ promoter was a generous gift from N. Ruiz-Opazo (Boston University, Boston, Mass.) (20) . A stretch of 1,286 bp of the promoter plus the 5Ј untranslated region of the TM-␣ gene (GenBank accession no. J05467; bases 344 to 1629) was subcloned into pGL3 (Promega) upstream of the gene encoding firefly luciferase. pFA2-Elk1 transactivator plasmid (Stratagene, La Jolla, Calif.) contains the yeast GAL4 DNA binding domain (DBD; residues 1 to 147) fused with the DNA activation domain of Elk-1 (residues 307 to 427). pFR-Luc reporter plasmid (Stratagene) contains a synthetic promoter with five tandem repeats of the yeast GAL4 binding elements that control expression of the firefly luciferase gene. The SRE reporter (Stratagene) contains five copies of the sequence AGGATGTCCATA TTAGG ACATCT upstream of a basic TATA element controlling the firefly luciferase reporter gene. pRL-null (Promega, Madison, Wis.), which contains the renilla luciferase gene without enhancer elements, was used in the reporter assays as an internal control for transfection efficiency and protein levels (5) .
Elk-1 trans-reporter assays. To determine Elk-1 activity, a trans-reporter assay was performed with the pFA2-Elk1 transactivator plasmid and the pFR-Luc reporter plasmid (see above). Transcription from the pFR-Luc reporter plasmid is dependent on the activation status of the GAL4 DBD-Elk-1 fusion protein, and the activity levels of firefly luciferase reflect the activation status of Elk-1. Dual-luciferase reporter assays were performed according to the manufacturers' protocols (Stratagene and Promega). Briefly, 5 ϫ 10 4 cells per well were seeded into 24-well plates. After 24 h, cells were transfected by adding 250 l of Optimem containing 4 l of PLUS reagent, 1 l of Lipofectamine, 400 ng of pFR-Luc reporter plasmid, 20 ng of pFA2-Elk1 transactivator plasmid, and 2 ng of pRL-null. As a negative control, the pFA2-Elk1 transactivator plasmid was replaced with the pFC2-dbd plasmid containing only the GAL4 DBD. Four hours after transfection, 1 ml of DMEM with 10% DCS was added to the wells. The following day, cells were washed once with cold PBS and lysed in 100 l of passive lysis buffer (Promega) containing protease and phosphatase inhibitors (10 g of leupeptin per ml, 0.1 U of aprotinin per ml, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 10 mM sodium fluoride). Dualluciferase-reporter assays were performed on a LB96V Microlumat luminometer (Perkin-Elmer, Gaithersburg, Md.) with 20 l of lysate per assay. Reporter activities were normalized for pRL-null activity as previously described (5).
TM-␣ and SRE cis-reporter assays. To determine SRE-dependent transcriptional activity and transcription from the TM-␣ promoter, dual-luciferase reporter assays were performed with the pSRE-Luc construct (Stratagene) and the pGL3-TM-␣ luciferase construct, respectively, in combination with pRL-null (Promega). As negative controls, the SRE and TM-␣ reporter constructs were replaced with pMCS-Luc (Stratagene) and pGL3 (Promega) respectively, both of which contain the luciferase gene without any enhancer elements. Cells were transfected by adding 200 l of Optimem containing 1 l of Lipofectamine, 4 l of PLUS reagent, 0.4 g of the reporter plasmid or control plasmid, and 2 ng of pRL-null. Cell extracts were prepared and analyzed as described above.
RESULTS
KSR1 overexpression induces cell flattening and stress fiber formation in ras-transformed fibroblasts. Unlike the flat phenotype of nontransformed fibroblasts, cells expressing activated Ras proteins are rounded and display a spindle-shaped morphology. To examine whether KSR1 overexpression alters this morphology, ras-transformed fibroblasts were infected with an adenovirus expressing GFP in combination with wildtype (WT) KSR1. While expression of GFP alone did not alter the ras-transformed phenotype, overexpression of KSR1 (10-to 20-fold over endogenous levels) resulted in a dramatic flattening of the cells (Fig. 1A) . To determine which region of KSR1 was responsible for this effect and to evaluate the significance of the KSR1-MEK interaction in mediating this change, cells were infected with adenoviruses encoding GFP and either the amino-terminal domain (NЈ539), the C-terminal domain (CЈ526), or a mutant of KSR1 deficient in MEK binding (C809Y). As shown in Fig. 1A , overexpression of KSR1-CЈ526 also induced a marked flattening of the ras-transformed cells, while overexpression of KSR1-NЈ539 or the MEK-binding mutant KSR1-C809Y did not (Fig. 1A) .
In addition to the morphological changes observed in fibroblasts, ras-induced transformation leads to a loss of actin stress fibers. To examine the consequences of KSR1 expression on stress fiber formation, cells infected with various KSR1-expressing adenoviruses were stained with phalloidin-rhodamine conjugate. In contrast to control ras-transformed fibroblasts, which were spindle shaped and contained no stress fibers, cells overexpressing either WT KSR1 or KSR1-CЈ526 were flat and had well-defined stress fibers (Fig. 1B) . Overexpression of either KSR1-NЈ539 or KSR1-C809Y failed to mediate these effects ( Fig. 1B) (data not shown). Treatment of ras-transformed cells with the MEK inhibitor PD98059 induced partial cell flattening, but the stress fibers observed in these cells were very thin in comparison to those found in KSR1-expressing cells (Fig. 1B) . Taken together, these results demonstrate that overexpression of KSR1 induces morphological changes and stress fiber formation in ras-transformed fibroblasts. Moreover, our findings indicate that these effects are mediated by the C-terminal domain of KSR1 and are dependent on the ability of KSR1 to bind MEK.
KSR1 overexpression restores TM expression in ras-transformed fibroblasts. Transformation of fibroblasts with the ras oncogene results in a dramatic down-regulation of the highmolecular-weight isoforms (TM-1, -2, and -3) of TM (15, 22, 23, 44) (Fig. 2) . Although the Ras-mediated suppression of TM requires Raf activity, the contribution of its downstream target, MEK, is less clear. Pharmacological inhibition of MEK has minimal effects on TM levels, and yet, expression of a dominant-inhibitory form of MEK1 does restore TM expression in ras-transformed fibroblasts (23) . Therefore, while MEK enzymatic activity may not be essential for TM regulation, MEK may have other functions that are required for this process. KSR1 is another component of the Ras-Raf-MEK-MAPK signaling cascade that functions, at least in part, by facilitating signal transmission from Raf-1 to MEK. Therefore, to determine whether overexpression of KSR1 has an effect on TM regulation, we examined TM protein levels in ras-transformed fibroblasts infected with the various KSR1-expressing adenoviruses. Western blot analysis of whole-cell extracts revealed that overexpression of WT KSR1 resulted in a significant increase in the levels of TM-1 or -6 and TM-2 (Fig. 2) . Overexpression of the MEK-binding mutant KSR1-C809Y or KSR-NЈ539 was unable to restore TM levels, but overexpression of KSR1-CЈ526 resulted in an even higher level of TM expression than was observed in WT KSR1-expressing cells (Fig. 2) . In addition, a putative novel isoform of TM was detected in the WT-KSR1-and KSR1-CЈ526-expressing cells (Fig. 2, arrow) . Thus, the morphological changes and stress fiber formation induced by KSR1 in ras-transformed fibroblasts correlate well with the restoration of TM protein levels. Furthermore, like the KSR1-induced effects on cell morphology and stress fiber formation, the restoration of TM expression was mediated by the KSR1 C-terminal domain and required the KSR1-MEK interaction.
The ras oncogene suppresses transcription from the TM-␣ promoter. mRNA levels for the high-molecular-weight isoforms of TM are reduced in ras-transformed cells (7, 11, 33) . To date, however, it is unclear whether this reduction is due to destabilization of TM mRNA and/or decreased transcription of the TM genes. To gain further insight into the mechanism of TM mRNA reduction, we examined the transcriptional activity of the TM-␣ gene promoter, which regulates the transcription of, among others, the high-molecular-weight TM isoforms TM-2, -3, and -6 (16, 18, 28, 29, 43) . Using a luciferase reporter construct containing a partial TM-␣ promoter, we found that in comparison to untransformed NIH 3T3 cells, transcription was decreased threefold in cells stably transformed by the Ki-ras V12 oncogene (Fig. 3A) . In addition, transient expression of H-ras V12 together with the TM-␣ reporter construct resulted in a twofold decrease in transcription compared to the level in cells cotransfected with a control vector and the reporter construct (Fig. 3A) . These findings indicate that the loss of TM mRNA in ras-transformed cells is due, at least in part, to decreased TM transcription.
KSR1 overexpression enhances transcription from the TM-␣ promoter in ras-transformed fibroblasts. To investigate whether the KSR1-induced restoration of TM protein levels in ras-transformed fibroblasts might be due to enhanced transcription of TM genes, we examined the effects of KSR1 overexpression on the transcriptional activity of the TM-␣ promoter. ras-transformed cells infected with the various KSR1-expressing adenoviruses were transiently transfected with the TM-␣ reporter construct, and transcriptional activity was measured 24 h later. In addition, since we have previously found that treatment with the MEK inhibitor PD98059 fails to restore TM expression in ras-transformed fibroblasts (23), we also tested the effects of PD98059 and the unrelated MEK inhibitor UO126 on the transcriptional activity of the TM promoter. For these assays, cells were treated with 50 M PD98059 or 10 M UO126 1 day prior to transfection of the reporter construct and were again treated with 50 M PD98059 or 10 M UO126, respectively, 4 h after transfection (similar results were obtained with cells that were not pretreated with the MEK inhibitors prior to transfection). As depicted in Fig. 3B , TM-␣ promoter activity was two-to threefold higher in ras-transformed fibroblasts overexpressing WT KSR1 than in cells expressing GFP alone. A five-to eightfold increase in TM promoter activity was detected in cells expressing KSR1-CЈ526, while no change in activity was observed in FIG. 1. Overexpression of WT KSR1 or KSR1-CЈ526 induces morphological changes and stress fiber formation in ras-transformed cells. (A) ras-transformed cells were infected with adenoviral constructs expressing GFP alone or GFP in combination with either WT KSR1, the carboxy-terminal region KSR1-CЈ526, the amino-terminal region KSR1-NЈ539, or the MEK-binding-deficient mutant KSR1-C809Y. Cells were photographed 24 h after infection. ras-transformed cells overexpressing GFP alone are spindle shaped. Overexpression of WT-KSR1 or KSR1-CЈ526 induces flattening of these cells. Overexpression of KSR1-C809Y or KSR1-NЈ539 has no effect. Treatment of ras-transformed cells overexpressing GFP with PD98059 induced some cell flattening. (B) The ras-transformed cells described in panel A were stained for stress fibers with rhodamine-conjugated phalloidin. Overexpression of WT KSR1 and KSR1-CЈ526 induces stress fiber formation. Overexpression of KSR1-C809Y has no effect on the actin cytoskeleton. Although the MEK inhibitor PD98059 induces some cell flattening, the stress fibers in these cells are much thinner than those observed in cells overexpressing WT KSR1 or KSR1-CЈ526.
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cells expressing the MEK-binding deficient mutant KSR1-C809Y. Thus, a strong correlation is observed between the effect of the KSR1 proteins on TM protein expression and their effect on TM promoter activity. Moreover, in agreement with our previous finding that the MEK inhibitor PD98059 does not restore TM protein levels in ras-transformed fibroblasts, pharmacological inhibition of MEK had no effect on TM transcription. Effect of KSR1 overexpression on MEK and ERK phosphorylation and ERK activity in ras-transformed fibroblasts. Overexpression of KSR1 has been shown to interfere with mitogeninduced ERK activity in nontransformed cells (24, 65) . To determine whether KSR1 overexpression alters MEK/ERK signaling in ras-transformed fibroblasts and to evaluate the potential importance of MEK/ERK signaling to the KSR1-mediated effects, we examined MEK phosphorylation, ERK phosphorylation, and ERK activity in cells overexpressing the various KSR1 proteins. Using antibodies that specifically recognize MEK phosphorylated at Ser 217/219, we found that MEK was constitutively phosphorylated on these activating sites in ras-transformed cells. Overexpression of WT KSR1 or KSR1-CЈ526 actually enhanced the levels of phospho-MEK The following day, cells were transfected with a TM-␣-luciferase reporter construct in combination with pRL-null. To assess the effects of the MEK inhibitors PD98059 and UO126 on TM-␣ transcription, cells expressing GFP alone were treated with the inhibitor prior to and after transfection with the TM-␣ reporter construct. Dual-luciferase reporter assays were performed, and transcription from the TM-␣ promoter was normalized according to the activity of pRL-null. The normalized reporter activity in cells expressing GFP alone was set at 1. Both WT KSR1 overexpresssion and KSR1-CЈ526 overexpression enhance TM-␣ transcriptional activity. Neither treatment of ras-transformed cells with MEK inhibitors nor overexpression of KSR1-C809Y had any effect on TM-␣ transcriptional activity. None of the adenovirus constructs nor the MEK inhibitors had any significant effect on the control reporter construct pGL3, which lacks the TM-␣ promoter (data not shown). detected (Fig. 4A) , while overexpression of KSR1-C809Y had no effect, suggesting that the KSR1-MEK interaction facilitates MEK phosphorylation in these cells. ERK-1 and ERK-2 were also constitutively phosphorylated on activating sites in ras-transformed cells. These high levels of phospho-ERK could be significantly reduced by treatment of cells with the MEK inhibitors PD98059 and UO126 (Fig. 4B) . Notably, the effects of KSR1 overexpression on ERK phosphorylation were not necessarily those predicted based on the MEK phosphorylation data. As expected, overexpression of KSR1-NЈ539 or KSR1-C809Y had no effect on ERK phosphorylation (Fig.  4B) . However, KSR1-CЈ526, which enhanced MEK phosphorylation, suppressed phospho-ERK levels, as did WT KSR1, albeit to a far lesser extent. The fact that WT KSR1 had such a modest effect on ERK phosphorylation is consistent with the notion that the inhibition of MEK activity is not the predominant mechanism by which KSR1 affects cell morphology and gene expression in ras-transformed fibroblasts.
To investigate the effects of the KSR1 proteins on ERK activity in vivo, we measured the transcriptional activities of SRE-and Elk-1-dependent reporter constructs. Although phosphorylation by ERK is the primary mechanism controlling Elk-1 activity, SRE activity is regulated in a more complex manner and is only partially dependent on ERK-mediated Western blot analysis with the anti-Pyo antibody was also performed to demonstrate the equivalent expression of the Pyo-tagged KSR1 variants (B, bottom panel). Overexpression of WT KSR1 and KSR1-CЈ526 facilitates MEK phosphorylation. In contrast, KSR1-CЈ526 markedly suppressed phospho-ERK levels, as did WT KSR1, albeit to a far lesser extent. PD98059 and UO126 suppressed ERK phosphorylation to the strongest extent. KSR1-NЈ539 and KSR1-C809Y had no effect on the phosphorylation levels of MEK and ERK. (C) KSR1 overexpression inhibits signaling downstream of ERK. ras-transformed cells were infected with adenoviral constructs expressing GFP alone or GFP and the indicated KSR1 protein. Eighteen hours following infection, the cells were transfected with the SRE reporter (top panel) or Elk reporter (bottom panel) constructs in combination with pRL-null. To assess the effects of the MEK inhibitor PD98059 on transcriptional activities, cells expressing GFP alone were treated with the inhibitor prior to and after transfection with the reporter constructs. Dual-luciferase reporter assays were performed, and transcriptional activities were normalized according to the activity of pRL-null. The normalized reporter activity in cells expressing GFP alone was set at 100. Treatment with the MEK inhibitor PD98059 and overexpression of WT KSR1 or KSR1-CЈ526 suppressed the activities of both the SRE and Elk-1 reporters. In contrast, overexpression of KSR1-C809Y did not suppress those activities. Neither the constructs nor the inhibitor had a significant effect on the control reporter constructs pFA2-dbd and pMCS-Luc, which lack the response elements for Elk and SRE, respectively (data not shown).
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phosphorylation of the Ets family members Elk-1, SAP-1, and SAP-2. In SRE-dependent cis-reporter assays, we found that PD98059, WT KSR1, and KSR1-CЈ526 all inhibited SRE-dependent transcription to approximately the same extent (Fig.  4C) . The KSR1-mediated inhibition was dependent on MEK binding, because expression of the KSR1-C809Y mutant had no significant effect on SRE activity. The suppressive effect of WT KSR1 on SRE reporter activity exceeded that which was expected based on the modest ability of this protein to inhibit ERK phosphorylation. In Elk-1-dependent trans-reporter assays, Elk-1 transcription was reduced by either PD98059 treatment or by WT KSR1 overexpression (five-and threefold inhibitions, respectively). The KSR1-CЈ526 protein caused a much greater reduction in Elk-1-dependent transcription (Ͼ20-fold reduction), correlating with its strong inhibitory effect on ERK phosphorylation (Fig. 4C) . Consistent with the results from the SRE assay, overexpression of the KSR1-C809Y mutant had no suppressive effect. Together, these findings demonstrate that overexpression of KSR1 inhibits ERK activity in ras-transformed fibroblasts and that this inhibition is dependent on the KSR1-MEK interaction. Moreover, the ability of KSR1 to block ERK activity (as determined by the activation of nuclear substrates such as Elk-1) does not necessarily correlate with its effect on ERK phosphorylation levels. MEK-binding-independent events are not implicated in KSR1-mediated TM regulation. The results presented above indicate that the KSR1-MEK interaction is critical for the upregulation of TM as well as for the inhibition of ERK activity that is observed in KSR1-expressing ras-transformed cells. While the ability of KSR1 to restore TM levels does in fact correlate with its ability to inhibit ERK, ERK inhibition cannot be the sole mechanism by which KSR1 mediates its effects, given that suppression of ERK signaling by pharmacological inhibitors does not restore TM levels in these cells (23) . Based on these results, we hypothesize that KSR-induced effects rely either on MEK-binding-dependent events other than ERK inhibition or on inhibition of ERK activity (which is MEK-binding dependent) plus additional events, which may or may not depend on MEK binding. If the KSR1-mediated effects do indeed require MEK-binding-independent effects as well as MEK-binding-dependent ERK inhibition, we might expect that the MEK-binding-deficient mutant of KSR1 (C809Y) could restore TM levels in cells where ERK activity is inhibited. To address this possibility, ras-transformed cells overexpressing KSR1-C809Y were treated with PD98059 prior to transfection with the TM reporter, and transcriptional activity was measured 24 h after transfection. To control for PD98059 activity, a parallel set of cells were transfected with the SRE reporter. As shown in Fig. 5 , the addition of PD98059 to KSR1-C809Y-overexpressing cells completely suppressed SRE activity, indicating that the drug was functional. Under these conditions of ERK inhibition, however, KSR1-C809Y was still unable to induce TM promoter activity in ras-transformed cells. Thus, while the role of ERK inhibition in TM regulation remains uncertain, it is unlikely that KSR1 utilizes a MEK-binding-independent pathway to upregulate TM transcription.
ROCK activity is required for the KSR1-induced effects observed in ras-transformed fibroblasts. Activities and/or events other than the inhibition of ERK nuclear target signaling appear to be required for the KSR1-induced upregulation of TM. As shown in Fig. 1B , both WT KSR1 and KSR1-CЈ526 are able to promote stress fiber formation in ras-transformed fibroblasts. Since stress fiber formation in fibroblasts is dependent on the activity of Rho and its downstream effector, ROCK (46, 47, 49, 58, 62) , we next examined whether the KSR1-induced phenotypic changes in ras-transformed cells require ROCK activity (Fig. 6 ). For these assays, cells infected with the KSR1-CЈ526-expressing adenoviruses were treated with the ROCK inhibitor Y27632 (10 M for 16 h-conditions that effectively block ROCK enzymatic activity) (Fig. 6C) , after which they were stained with rhodamine-conjugated phalloi- ; open bars). Dual-luciferase reporter assays were performed, and transcription from the TM-␣ promoter was normalized according to the activity of pRL-null. The normalized reporter activity in dimethyl sulfoxide-treated cells was set at 1. No effect of PD98059 treatment on TM-␣ reporter activity was observed in ras-transformed cells overexpressing KSR1-C809Y. (B) As a control for the effectiveness of PD98059 treatment, KSR1-C809Y-overexpressing cells treated as described in panel A were transiently transfected with an SRE reporter, and SRE-dependent transcription was determined. SRE activity was normalized according to the activity of pRL-null, and the activity in dimethyl sulfoxide-treated cells was set at 100. PD98059 treatment resulted in a 10-to 20-fold reduction in SRE activity, indicating that the drug was effective in KSR1-C809Y-overexpressing cells. din. Upon Y27632 treatment, cells overexpressing KSR1-CЈ526 became rounded and lost their stress fibers, demonstrating that ROCK activity is needed for the KSR1-induced stress fiber formation and cell flattening (Fig. 6A) . The same results were observed for ras-transformed cells overexpressing WT KSR1 (data not shown). To examine whether the enhanced transcription from the TM promoter also requires ROCK activity, cells overexpressing WT KSR1 or the KSR1-CЈ526 mutant were treated with Y27632, and the transcriptional activity of the TM-␣ reporter was determined. As shown in Fig. 6B , inhibition of ROCK activity resulted in a 50% decrease in TM-␣ promoter activity in ras-transformed cells overexpressing either WT KSR1 or KSR1-CЈ526. It should be noted that TM-␣ promoter activity in the Y27632-treated KSR1-overexpressing cells is still higher than that observed in untreated control cells (ϳ1.7-fold increase for WT KSR1 and ϳ4-fold increase for KSR1-CЈ526), indicating that ROCK-independent pathways also contribute to the KSR1-mediated effects on TM expression. KSR1 does not regulate ROCK activity. The above results demonstrate that the effects of KSR1 are at least partially dependent on ROCK activity, suggesting that KSR1 may act either upstream of or parallel to ROCK-induced events. To determine whether KSR1 functions upstream of ROCK, we investigated the effects of KSR1 overexpression on ROCK activity in ras-transformed cells. Because ROCK has been shown to phosphorylate MLC on serine 19 (62), we measured ROCK activity by assessing the in vivo phosphorylation status of MLC. Using an antibody specific for phospo-Ser19-MLC (Fig. 6C) , we found that MLC was constitutively phosphorylated on Ser19 in ras-transformed cells and that this phosphorylation could be completely blocked by Y27632 treatment, demonstrating that ROCK is responsible for the majority of MLC phosphorylation in ras-transformed cells. As shown in Fig. 6C , overexpression of WT KSR1, KSR1-CЈ526, or KSR1-C809Y did not alter the phosphorylation status of MLC. Thus, while the KSR1-mediated effects observed in ras-transformed cells require ROCK enzymatic activity, KSR1 does not act upstream to directly regulate ROCK activity. In addition, these findings, taken together with those presented in Fig. 1 to 3 , suggest that overexpression of KSR1 proteins competent to bind MEK provides a function, such as the restored expression of TM, that allows ROCK to be recoupled to the actin polymerization machinery in ras-transformed fibroblasts. FIG. 6 . ROCK activity is required for KSR1-induced effects in ras-transformed cells. ras-transformed cells overexpressing GFP alone or in combination with KSR1-CЈ526 were treated with the ROCK inhibitor Y27632 (10 M) and analyzed for stress fiber expression (A) and TM-␣ reporter activity (B). Treatment of cells overexpressing KSR1-CЈ526 with Y27632 led to a loss of stress fibers and rounding of cells (A). Treatment of ras-transformed cells overexpressing KSR1-CЈ526 and WT KSR1 resulted in a decrease in TM-␣ promoter activity (B). Dual-luciferase reporter assays were performed, and transcription from the TM-␣ promoter was normalized according to the activity of pRL-null. The normalized reporter activity in cells expressing GFP alone was set at 1. (C) KSR1 overexpression does not alter ROCK activity. Whole-cell extracts of ras-transformed cells infected with adenoviral constructs expressing GFP alone or GFP in combination with either WT KSR1, KSR1-CЈ526, or KSR1-C809Y were fractionated on Bis-Tris gels, and Western blots were probed with anti-phospho-MLC antibody pp2b (top panel). As a control, extracts from ras-transformed cells expressing GFP alone and treated with Y27632 were also analyzed. Blots were stripped and reprobed with anti-MLC antibody to determine total levels of MLC (bottom panel).
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DISCUSSION
In this report, we have further explored the mechanism by which TM is down-regulated in ras-transformed fibroblasts and have analyzed the effects of KSR1 on TM expression. KSR1 is a scaffold protein that plays an important role in signal transmission downstream of Ras; however, little is known regarding the mechanisms employed and to what extent KSR1 affects cellular behavior and gene expression. In the present study, we show that overexpression of KSR1 upregulates TM expression and dramatically alters the cellular morphology and cytoskeletal architecture of ras-transformed cells. These effects were achieved without any discernible increase in the activity of ROCK, the Rho effector that regulates stress fiber formation. We and others have shown previously that the forced expression of TM-1 or TM-2 is sufficient to mediate the morphological flattening of transformed cells and to restore stress fiber formation (15, 22, 44, 60) . Thus, the multiple effects induced by KSR1 expression may be entirely attributable to its ability to normalize TM protein levels.
The decrease in TM expression in ras-transformed cells is associated with a comparable reduction in TM mRNA levels (7, 11, 33) . In previous studies, we have been unable to detect any significant change in the stability of TM-2 transcripts in ras-transformed fibroblasts, suggesting that the low mRNA levels observed in these cells may be due to a decrease in transcriptional activity (G. M. Fuhler, R. A. J. Janssen, and J. W. Mier, unpublished observations). Our findings presented in Fig. 3 support this model in that the reporter activity from a TM-␣ promoter construct is diminished in cells either stably or transiently expressing activated ras alleles. Moreover, we find that the restoration of TM levels mediated by KSR1 is likely to be due to increased TM transcription, because overexpression of either the WT or C-terminal domain of KSR1 resulted in increased TM-␣ reporter activity in ras-transformed cells (Fig.  3) . Treatment with the MEK inhibitor PD98059, however, had no effect on the transcriptional activity of the TM-␣ promoter, further supporting our earlier report that MEK inhibition is not sufficient to restore TM protein expression in ras-transformed NIH 3T3 cells (23) .
High overexpression of KSR1 has previously been shown to suppress Ras-dependent signaling, yet it is unclear exactly where in the Raf-MEK-ERK cascade KSR1 prevents signal transmission. In regard to MEK activation, we report here that overexpression of KSR1 in ras-transformed cells does not block, but instead, enhances the phosphorylation of MEK on activating sites. This increase was found to be dependent on the KSR1-MEK interaction in that it was not observed in cells expressing the KSR1-C809Y mutant defective in MEK binding. In agreement with our results, it has recently been reported that KSR1 facilitates the phosphorylation of MEK by Raf and that this process requires the interaction of KSR1 with Raf and MEK (37, 38, 48) .
In regard to ERK, the effect of KSR1 overexpression is more complex. We find that overexpression of either WT or the C-terminal domain of KSR1 inhibits ERK activity, whereas only the C-terminal domain induces a significant reduction in ERK phosphorylation. Because the C-terminal region of KSR1 contains the binding site for MEK but not ERK, overexpression of this protein presumably segregates MEK from ERK, thus preventing ERK phosphorylation. As for the full-length protein, our findings are similar to those reported by Sugimoto et al. (57) , where overexpression of KSR1 in mitogen-treated cells inhibited ERK activity towards Elk-1 but not ERK phosphorylation. Because of KSR1's scaffolding function, it has been thought that some of the suppressive effects of high KSR1 overexpression are due to the disruption of the Raf-MEK-ERK signaling complex. However, this does not appear to be the case in our studies, since overexpression of full-length WT KSR1 did not prevent MEK activation or significantly block the phosphorylation of ERK by MEK. Thus, it is unlikely that the upregulation of TM by KSR1 is due to a disruption of the Raf-MEK-ERK signaling complex, given that both WT and the C-terminal domain of KSR1 restore TM levels, yet only the C-terminal domain appears to disrupt the interactions required for signal transmission from Raf to ERK.
It is unclear how WT KSR1 inhibits Elk-and SRE-dependent transcription without an equivalent inhibition in MEK and ERK phosphorylation. In the work by Sugimoto et al., it was suggested that that KSR1 might activate PP2B, which dephosphorylates Elk-1 (57) . Alternatively, KSR1 overexpression may inhibit Elk-1 phosphorylation by altering the localization of phosphorylated ERK or MEK-ERK complexes. In support of this hypothesis, Stewart et al. have found that overexpression of KSR1 leads to the formation of a high-molecular-weight complex at the cell membrane containing KSR1 and functionally active MEK and ERK (56) . In addition, it has recently been reported that high levels of KSR1 can interfere with the nuclear cycling of MEK (9) . Thus, KSR1 may serve as an anchor preventing the localization of active ERK or MEK-ERK complexes to the nucleus.
The restoration of TM by KSR1 correlates with a decrease in Elk-1 and SRE-dependent transcriptional activity. Yet, a block in ERK nuclear signaling cannot be the sole mechanism by which KSR1 restores TM expression, because treatment of ras-transformed cells with MEK inhibitors efficiently inhibits ERK nuclear signaling, but does not restore TM levels or enhance transcription from the TM-␣ promoter. Moreover, the difference between the effects of KSR1 and PD98059 on TM expression is not due to a difference in the degree of ERK inhibition, since both KSR1 and PD98059 suppressed SRE and Elk-1 activities to the same extent. Therefore, it is likely that KSR1 affects cellular events in addition to ERK nuclear signaling (Fig. 7) .
Based on the fact that KSR1-C809Y is unable to induce the KSR1-mediated changes, we conclude that the interaction with MEK is required. Although we cannot exclude the possibility that the C809Y mutation alters other properties of KSR1 (such as localization, or interactions with unknown components of the KSR1 scaffolding complex), this mutation has clearly been shown to abolish MEK binding (9, 36, 56) . In light of these results, it is interesting to speculate that the interaction with KSR1 may modulate MEK's ability to interact with proteins or targets other than ERK. Previously, we have shown that overexpression of a dominant-negative form of MEK, MEK1-S218A, S222A, also induces restored expression of TM in rastransformed fibroblasts. As was observed for WT KSR1, this mutant did not suppress the constitutively high levels of phosphorylated MEK and only moderately inhibited the phosphorylation of ERK (23) . Consequently, the dominant-negative form of MEK1, like KSR1, may modulate the effects of MEK on effectors other than ERK. In support of the model that MEK may have functions in addition to ERK regulation, activated MEK1 has recently been found to regulate the transcriptional activity of MyoD through interactions with the MyoD transcriptional complex (42) .
Further studies will be needed to fully define the MEKdependent events that are required for the KSR1-mediated regulation of TM. In particular, it is unclear whether MEK enzymatic activity is needed for these effects. In the studies presented here, we find that MEK is phosphorylated on activating sites in cells overexpressing KSR1, indicating that KSR1 does not disrupt MEK activation. However, we have also observed that MEK inhibitor treatment does not abolish the effect of either WT KSR1 or KSR1-CЈ526 on TM promoter activity (unpublished observations). While this result would suggest that MEK enzymatic activity might not be essential for TM regulation, we also find that MEK activity is not completely suppressed in these cells, and we have preliminary evidence that the KSR1-MEK interaction may protect MEK from inhibitor binding (unpublished observations). Therefore, it is difficult to interpret the results of these experiments. Nonetheless, in cells expressing the MEK-binding deficient mutant KSR1-C809Y, MEK activity and ERK activation are fully inhibited by PD98059 treatment (Fig. 5) .
Overexpression of KSR1 not only restores TM expression but also induces cell flattening and stress fiber formation. The exact mechanism by which KSR1 brings about these morphological changes is unknown. Under normal conditions, stress fiber formation is mediated by signaling downstream of the Rho effector ROCK. ROCK regulates cytoskeletal architecture by the phosphorylation of MLC phosphatase, MLC, and LIM kinase (3, 26, 32, 58, 62) . In ras-transformed cells, we found that MLC is constitutively phosphorylated due to the activity of ROCK, because treatment of cells with the ROCK inhibitor Y27632 blocked MLC phosphorylation (Fig. 6C) . Stress fiber formation and increased TM transcription induced by KSR1 overexpression also required ROCK activity and could be suppressed by Y27632 treatment. Y27632, however, did not completely abrogate the effects of KSR1 on TM transcription, indicating that KSR1 may also act via ROCK-independent pathways. Thus, while ras transformation suppresses TM expression and uncouples ROCK activity from the actin polymerization machinery (40, 50) , overexpression of KSR1 restores TM levels and allows the connection between ROCK and the cytoskeleton to be reestablished. KSR1 does not directly regulate ROCK enzymatic activity, and we have also found that it does not alter the subcellular localization of ROCK (unpublished observations). Therefore, it is possible that KSR1 may act as a direct link between MLC activity and stress fiber formation or that it may affect other factors that contribute to stress fiber formation, such as LIMK and cofilin (58, 64) . Interestingly, stress fiber formation induced by the overexpression of TM-1 in ras-transformed cells is also dependent on ROCK activity (52) , suggesting that the limiting factor for stress fiber formation in ras-transformed cells may be the low level of TM expression. As a result, the elevated levels of TM observed in these cells overexpressing KSR1 may complement the constitutive ROCK activity to promote stress fiber formation (Fig. 7) .
In summary, our results provide new insights into TM regulation in ras-transformed fibroblasts and into the role played by the KSR1 scaffold in gene expression, cytoskeletal architecture, and signaling through the MAPK cascade. Here, we demonstrate for the first time that the loss of TM expression in ras-transformed cells and the restoration of TM levels by KSR1 overexpression are due, at least in part, to altered transcription. In addition, our findings further support the model that the interaction with MEK is critical for KSR1 function. All KSR1-mediated effects observed in this study were dependent FIG. 7 . Summary of findings in this study. In ras-transformed fibroblasts, the level of ERK activity is high, ROCK is active but uncoupled from the actin polymerization machinery (stop sign), TM levels are down-regulated in an ERK-independent way, and no stress fibers are formed. Overexpression of KSR1 suppresses ERK activity and induces the upregulation of TM via a ROCK-dependent pathway (numbered 1) and a ROCK-independent pathway (numbered 2). The interaction of KSR with MEK is required for these effects. The KSR-MEK complex may also recouple ROCK activity towards the actin-polymerization machinery (numbered 3). Tropomyosin and ROCK appear to mutually depend on each other for the induction of actin polymerization (numbered 4). 
